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Metasurfaces based on gap surface-plasmon resonators allow one to arbitrarily control the phase,
amplitude and polarization of reflected light with high efficiency. However, the performance of
densely-packed metasurfaces is reduced, often quite significantly, in comparison with simple analyt-
ical predictions. We argue that this reduction is mainly because of the near-field coupling between
metasurface elements, which results in response from each element being different from the one
anticipated by design simulations, which are commonly conducted for each individual element being
placed in an artificial periodic arrangement. In order to study the influence of near-field coupling,
we fabricate meta-elements of varying sizes arranged in quasi-periodic arrays so that the immediate
environment of same size elements is different for those located in the middle and at the border of
the arrays. We study the near-field using a phase-resolved scattering-type scanning near-field opti-
cal microscopy (s-SNOM) and conducting numerical simulations. By comparing the near-field maps
from elements of the same size but different placements we evaluate the near-field coupling strength,
which is found to be significant for large and densely packed elements. This technique is quite generic
and can be used practically for any metasurface type in order to precisely measure the near-field
response from each individual element and identify malfunctioning ones, providing feedback to their
design and fabrication, thereby allowing one to improve the efficiency of the whole metasurface.
[This document is the unedited Author’s version of a Submitted Work that was subsequently ac-
cepted for publication in Nano Letters, c©American Chemical Society after peer review. To access
the final edited and published work see http://dx.doi.org/10.1021/acs.nanolett.8b02393.]
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Metasurfaces are planar artificial nanostructures that
can produce a desired optical response and realize a spe-
cific optical wavefront transformation by controlling mul-
tiple properties such as polarization, phase and ampli-
tude for reflected and transmitted optical fields. Un-
like bulk optical materials that control the propagation
of light by gradual phase changes accumulated during
the propagation through shaped and polished surfaces,
metasurfaces can engineer the optical response by sub-
wavelength periodic arrangement of meta-elements gen-
erating desired phase and amplitude profiles of scattered
optical fields. The latter is achieved by gradually vary-
ing parameters of meta-elements (commonly placed in
a subwavelength periodic arrangement) across a meta-
surface, introducing thereby local and different modi-
fications in optical fields. Metasurfaces have become
increasingly popular as they can be designed and fab-
ricated to operate with relatively low losses, exhibit-
ing numerous functionalities, for example, polarization
splitting and detection1–12, waveplates13–17, lenses and
focusing metamirrors18,19, random phase reflectors20,
holograms21–23, color printing24–27 and integrated mul-
tifunctional devices28,29.
The choice of meta-elements comprising the metasur-
face is the first step in realizing different applications.
The meta-element represents a compact nanoantenna,
which behaves as a near-resonant scatterer. By changing
its parameters (shape, sizes and orientation) and period-
icity, the resonances can be tuned to realize any phase
change (within a full 2pi phase range) in the transmit-
ted/reflected optical fields, which is a key prerequisite
for the majority of applications. Most commonly, the
optical response of an individual meta-element is pre-
dicted by a simplified approach, in which each element is
considered to be placed in an artificial subwavelength pe-
riodic arrangement with identical neighboring elements.
The rationale behind this simplification is that slowly
varying gradient effects will not significantly affect the
retrieved phase and amplitude response of the elements
for reflected/transmitted light of desired wavelength and
polarization. Then, based on the specific metasurface ap-
plication, the elements are uniformly distributed with the
same center-to-center separation as in the initial simula-
tions of periodic arrays but, with the size of each nanoan-
tenna comprising the element chosen to provide a desired
phase profile. Thus, each element in the actual metasur-
face arrangement is no longer embedded in a periodic
environment, which might render the actual response of
meta-elements different from initial simulations, result-
ing in reduced efficiency of the whole metasurface. In
order to enhance the efficiency, one may perform full sim-
ulations of a whole metasurface array, with all differently
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2placed and sized elements being analyzed, and accurately
calculate the expected phase and amplitude profile so
as to finally optimize the metasurface design. However,
such tremendous calculations would require powerful su-
percomputers, since the number of meta-elements can be
very large depending on the application and yet, it does
not directly verify if the meta-elements upon fabrication
behave exactly as they are designed. It is important to
note that the periodicity assumption remains the most
basic assumption for the majority of metasurface designs,
which requires optimization because the separations be-
tween the elements are within the range of dominant
near-field coupling (usually of the order of λ/2pi, where
λ is wavelength of operation)30. Manifestation of the
near-field coupling as the shift in resonance for varying
period of arrays16,31, or for varying separation of dimer
antennas32–36 has been studied for different applications.
However, for metasurfaces, the decrease in performance
due to the near-field coupling has been reported by very
few studies.37,38.
In this work, we investigate near-field responses of each
element of quasi-periodic arrays with respect to differ-
ent environment and observe the influence of near-field
coupling. We quantify the near-field coupling directly by
using experimental near-field characterization techniques
and support our findings further using simulations. For
metasurface elements, we consider gap surface-plasmon
(GSP) resonators, which can efficiently manipulate lin-
early polarized light.2,3 The near-field characterization
is performed using phase-resolved scattering-type scan-
ning near-field optical microscopy (s-SNOM) in trans-
mission mode. For simplicity, the study is performed
for a single wavelength (1500 nm) and fixed linear po-
larization. We fabricate a quasi-periodic array of identi-
cal meta-elements in 5 columns, where the adjacent row
elements have gradually varying widths. Thus, the ele-
ments from the middle column are effectively exposed to
an infinite uniform periodic environment, compared to its
neighbors, which is directly characterized using s-SNOM.
To our knowledge, this is the first near-field character-
ization of GSP nanoantennas. By comparing the near-
field maps from elements of the same size but different
placement, we evaluate the near-field coupling, which is
found to increase when increasing the element dimen-
sions. We argue that the near-field coupling is pro-
portional to the element size and inversely proportional
to the center-to-center distance between elements (both
size and distance are considered in the direction of the
coupling). This conclusion is verified by additional ex-
periments with increased separation, where no signifi-
cant coupling was observed. Numerical calculations pro-
vide further insight into the dependence of this coupling
on the wavelength and the distances between elements.
Overall, the developed approach of near-field characteri-
zation is rather generic and can be applied for practically
any metasurface type. It allows one to identify the ele-
ments with distorted phase and amplitude response due
to the strong near-field coupling, so that each element
Figure 1. Configuration of gap plasmon elements and s-
SNOM experimental setup. (a) Schematic of a gap plasmon-
based configuration upon bottom normal incidence. (b) s-
SNOM experimental setup, where the sample is illuminated
from below with a defocused laser beam (∼12 µm), polar-
ized parallel to the nanobrick length Lx (wavelength 1500
nm). The standard AFM metal-covered silicon tip scatters
the near-field (predominantly its vertical component), and
the scattered radiation, collected by the top parabolic mir-
ror, is then mixed with the reference beam and interferomet-
rically detected, yielding the near-field amplitude |Ez| and
phase Arg [Ez]. Though transmittance through the 50 nm-
thick gold film is only 1%, the interference with a strong ref-
erence beam allowed a reliable detection of the near-field.
parameters can individually be optimized to increase the
efficiency of the whole metasurface. Moreover, our char-
acterization technique can also be used for in-situ char-
acterization of meta-elements in order to find and correct
possible fabrication defects.
I. RESULTS AND DISCUSSION
Our GSP meta-elements are composed as following: a
glass substrate, coated with 50 nm of gold, followed by
a 40 nm-thin SiO2 spacer layer and a top 50 nm-thick
gold bricks (Figure 1a). The planar gold bricks of length
Lx and width Ly are arranged with a center-to-center
separation of Λx = Λy = 450 nm. It is a commonly
used configuration of GSP-based meta-elements except
for the thickness of the bottom gold layer, which was
chosen as a compromise: it should be thin enough to
3Figure 2. Experimental near-field characterization of quasi-periodic GSP array. (a) SEM image of fabricated meta-elements,
whose measured length Lx was fixed within each row and is indicated on the left, while their widths Ly = 400 nm was kept
constant for the whole array. Scale bar is 1 µm. (b,c) Near-field (b) amplitude |Ez| and (c) phase Arg [Ez], measured with
s-SNOM. The incident light polarization is shown with green arrow in (b). (d) Amplitude of the difference |Ez − Emid|, where
for each row the near-field of the middle-column element was subtracted from the near-field of elements from the other columns.
Geometrical shape of elements, defined in the recorded topography, was used as a mask in (c) and (d).
be partially transparent for further near-field measure-
ments (transmittance ∼1 %), while at the same time it
should be thick enough to not significantly reduce the
reflection (∼97 %).39 Numerical calculations of such el-
ements in appropriate periodic boundary conditions and
top light incidence (see Methods) have revealed that for
the fixed nanobrick width Ly and varied length Lx, the
meta-element undergoes resonant behavior nearly in the
whole 2pi phase range (see Methods and Supporting in-
formation, Figure S1).
The near-field mapping was performed using the s-
SNOM in the transmission mode, where the sample was
illuminated normally from below at the wavelength of
1500 nm (Figure 1b). The incident light was loosely
focused (∼12 µm diameter) and polarized along x-axis,
which is along the nanobrick length Lx (see Methods for
more details). Though the illumination was from the bot-
tom, the relative near-field response should be almost the
same as that from the top normal illumination, since the
GSP nanoantennas are optically thin. According to pre-
vious studies, the measured near-field most closely rep-
resents the normal near-field component |Ez| approxi-
mately 50 nm above the sample surface40–42.
In order to observe the influence of the near-field cou-
pling, we fabricated quasi-periodic arrays of GSP meta-
elements with 5 columns, where the length of the ele-
ments Lx is fixed within the row and it is gradually varied
within the adjacent rows with a step of ∼25 nm, while the
width of the elements Ly is kept constant (Figure 2a). In
such a configuration, elements from the middle column
will effectively experience close to periodic environment,
while elements from the first and the last columns will ex-
perience the most uneven environment. The sample was
fabricated using e-beam evaporation of gold, RF sputter-
ing of SiO2, and a standard combination of the e-beam
lithography with lift-off technique (see Methods). The
recorded distributions of the near-field amplitude |Ez|
and phase Arg [Ez] for the quasi-periodic array with fixed
width Ly = 400 nm are presented in Figures 2b,c. With
the increase of Lx, the near-field response undergoes a
resonance behavior, where the resonant length Lx ≈ 320
nm can be identified by a maximum in the near-field
amplitude (Figure 2b). As for variations within each
row, it is clearly seen by the naked eye that the near-
field responses from meta-elements with small length Lx
are nearly identical for all 5 columns. However, starting
from Lx = 260 nm, the near-field response becomes dif-
ferent for elements belonging to different columns, and
the difference can be observed both in the amplitude
and phase distributions. In order to visualize this dif-
ference clearer, we subtract the near-field |Emid| of the
middle-column element from near-field maps of the ele-
ments from other columns (Figure 2d). It is apparent
then, that the near-field coupling is significant for meta-
elements with Lx > 285 nm, because it causes such a
strong difference in the near-field response from elements
of different columns. The above conclusion is general
and also holds for meta-elements with a different Ly =
4Figure 3. Simulated near-field results for quasi-periodic GSP
array. The width of meta-elements Ly is 400 nm, while their
length Lx is varied from 25 to 425 nm with 25 nm step, and
it is shown on the left. The simulated near-field amplitude
|Ez|, phase Arg [Ez], and the contrast with the middle element
|Ez − Emid| were calculated at the altitude of 50 nm above the
top surface of meta-elements. The polarization of normally
incident plane wave is shown with a green arrow. Designed
geometrical cross-section of elements is used as a mask.
280 nm, and near-field maps for the corresponding quasi-
periodic arrays can be found in the Supporting Informa-
tion, Figure S2.
To further strengthen our arguments, we performed
numerical simulations in order to confirm, that the re-
sults are not affected by the inevitable inaccuracies as-
sociated with either fabrication or experimental limita-
tions. A row of 5 identical GSP elements, distributed
with a center-to-center distance of Λx = Λy = 450 nm,
formed a simulation domain, which was truncated with
periodic boundary conditions across y-axis and with per-
fectly matching layers in all other directions (see Meth-
ods section for more details). The near-field maps of such
rows with different Lx but the same Ly = 400 nm, calcu-
lated at the altitude of 50 nm above the bricks, are shown
in Figure 3. The simulated results of the near-field ampli-
tude |Ez|, phase Arg [Ez], and contrast with the middle
element |Ez − Emid| correspond well to the experimental
results presented in Figure 2. We notice that the ele-
ments with weak near-field coupling (Lx < 250 nm) have
symmetric near-field distribution, featuring two lobes of
the same amplitude but opposite phase. However, when
the near-field amplitude becomes significant (Lx > 250
nm), the near-field distribution of non-middle elements
is no longer symmetrical: the lobes of equal amplitude
and opposite phase are no longer equal by the area, and
the transition between phase lobes becomes gradual.
One may in the first place argue that low contrast
Figure 4. Near-field coupling figure of merit (FoM) for GSP
meta-elements, arranged in the quasi-periodic arrays with
a fixed Ly of 280 (black) and 400 nm (blue). Simulated
results are shown with lines, while experimental measure-
ments are plotted with dots with error bars. Both the noise
level of near-field maps and the variation of |Ez − Emid| for
different columns were taken into account for evaluation of
the error. Coupling FoM within each row is calculated as
Avg |Ez − Emid| /Avg |Ez|, where the first averaging is only
within edge elements (from the first and the last columns),
while second averaging is done for all 5 elements. Inset shows
the normalized near-field contrast |Ez − Emid| /Avg |Ez| for
case of three different lengths Lx of 160, 285, 390 nm, demon-
strating negligible, moderate, and strong near-field coupling,
respectively.
|Ez − Emid|, observed in quasi-periodic arrays for small
GSP element length (Lx < 250 nm) is due to its size be-
ing far from the resonant length (Lx ≈ 300 nm). There-
fore, in order to take the resonance response into account,
we first calculate the average near-field amplitude |Ez|
for five elements of the same row (i.e., the same Lx).
Then, in order to evaluate the influence of the near-field
coupling on the near-field response in a single Figure-
of-Merit value (coupling FoM), we average the contrast
|Ez − Emid| over boundary elements from the first and
the last columns and normalize it to the average |Ez|
for each row (Figure 4). We observe an increase of the
coupling FoM with an increase of the element length Lx.
We notice a small distortion in otherwise gradual change
of coupling FoM around Lx ≈ 300 nm, which can be
attributed to the residual influence of the resonance be-
havior. The coupling FoM reaches a value of ∼0.5 at
Lx ≈ 300 nm, after which it increases drastically. This
feature indicates a transition beyond which the influence
of the near-field coupling becomes significant.
In order to experimentally explore its possible relation
to the GSP element length Lx, we fabricated and mea-
sured a further sample with a periodic GSP array, where
identical element is repeated in 9 columns and 3 rows,
changing the width gradually across every 3 rows. The
5Figure 5. Numerical investigation of the near-field coupling in 5-column quasi-periodic GSP arrays with varied period along
x-axis, Λx. (a) Simulated near-field amplitude |Ez|, phase Arg [Ez], and the contrast with the middle element |Ez − Emid|,
calculated at the altitude of 50 nm above the top surface of meta-elements. Length Lx and width Ly was kept constant at 100
nm and 280 nm, correspondingly, while period along x-axis Λx was varied from 125 to 425 nm (period along y-axis Λy was fixed
at 450 nm). The polarization of normally incident plane wave is shown with a green arrow. Scale bar: 1 µm. (b) Coupling
FoM as a function of the filling ratio Lx/Λx. Lx and λ are indicated in the legend, while Ly and Λy were fixed at 280 and 450
nm, respectively.
periodicity was increased to Λx = Λy = 600 nm, which
is ideal for λ = 1500 nm since its resonant width is ∼300
nm. The results are shown in Supporting Information,
Figure S3. Compared to the quasi-periodic GSP arrays
with Λ = 450 nm, the identical GSP meta-elements in the
periodic array with Λ = 600 nm exhibit significantly less
coupling. Thus, we suggest that the near-field coupling
is proportional to the element length Lx and inversely
proportional to the center-to-center separation Λx. This
can be explained by a simplified model with two spher-
ical particles in the free space, where the influence of
the near-field coupling K is linearly proportional to the
polarizability of each particle (α1 and α2) and inversely
proportional to the sixth power of separation R between
them30:
K ∝ α1α2
R6
(1)
In case of a GSP element its polarizability is propor-
tional to the length Lx, however, in our study they are
no longer in a free space. Nevertheless, we assume the
same trends should be valid for the near-field coupling
between GSP elements, and in the case of identical ele-
ments the coupling effect should be proportional to the
length Lx of each element and inversely proportional to
their separation Λx:
K ∝ Lx
a
Λx
b
, (2)
where a and b are positive indices of power. In order
to test the above hypothesis, we conducted additional
simulations of GSP elements in 5-column quasi-periodic
configuration, where separation Λx was varied (Figure 5).
Near-field distributions for a set with fixed Lx = 100 nm,
Ly = 280 nm, and Λy = 450 nm are shown in Figure 5a.
One can clearly see how the near-field coupling influences
both the amplitude and the phase response. The coupling
FoM, calculated for similar sets with different Lx and
wavelength λ, are presented in Figure 5b. The results are
plotted as a function of the filling ratio Lx/Λx, which was
chosen to test the assumption whether indices of power
a and b in Equation (2) are equal. However, numerical
results in Figure 5b demonstrate that the influence of
the near-field coupling is not trivial (though a bit better
agreement with Eq. (2) was found assuming a = 0.5 and
b = 1, see Supporting Information, Figure S4).
II. CONCLUSION
In this work, we have investigated both experimentally
and theoretically the near-field coupling between meta-
surface elements, which is usually not taken into account
during the design stage and often resulting in detrimen-
tal effects in the metasurface performance. This problem
occurs due to the fact that the design simulations are
commonly conducted for each individual meta-element
being placed in an artificial subwavelength periodic ar-
6rangement with identical neighboring elements, whereas
elements in the actual metasurface are varying in size
across the metasurface in order to generate a desired
phase profile. Depending on the metasurface functional-
ity, the size difference between neighbor elements can be
very large, causing deviations (from the designed values)
in the phase response of individual elements. This detri-
mental effect can be ascribed to the near-field coupling
between adjacent meta-elements, that we have studied
by fabricating and measuring quasi-periodic GSP arrays,
in which the elements from the middle column are ef-
fectively exposed to a uniform periodic environment in
stark contrast to the border elements having neighbors
only from one side.
The fabricated structures were experimentally charac-
terized using the phase-resolved s-SNOM in the transmis-
sion mode, and theoretically considered using numerical
simulations. By comparing the near-field maps from ele-
ments of the same size but different locations, the near-
field coupling was evaluated and found to be propor-
tional to the element length and inversely proportional
to the center-to-center distance between elements (both
size and distance are considered in the direction of the
coupling). Additional experiments and numerical simu-
lations for different configurations verified this conclusion
and provided further insight into the dependence of this
coupling on the wavelength and distances between ele-
ments. Our technique of near-field characterization is
particularly useful for inspection of individual elements
in densely packed metasurfaces, which is impossible with
any far-field methods. Considering the current trend in
metasurfaces towards integrated functionalities, accurate
response, and high efficiency, the findings of our study
can be very useful in identifying the elements with dis-
torted optical response, which can individually be further
optimized to increase the efficiency of the whole metasur-
face. Additionally, our near-field characterization tech-
nique can also be used for inspection of meta-elements in
order to find and correct possible fabrication defects.
METHODS
Fabrication. We used Electron Beam Lithography
(EBL) nanofabrication technique to fabricate the meta-
surface arrays. In this technique, thin layers of metals
viz. gold, titanium are deposited using e-beam evapora-
tion, while dielectric silicon dioxide (SiO2) spacer layer is
deposited using RF sputtering. Adhesion is facilitated by
deposition of 3 nm titanium within the layers. A positive
resist 950 kDa poly(methyl methacrylate) (PMMA) is de-
posited onto the substrate coated with bottom gold layer
(50 nm) and dielectric layer (40 nm) using spin coating to
obtain a thickness of 100 nm. The resist is then exposed
to the pattern designed for the nanobricks using scanning
electron microscope (SEM, model: JEOL JSM-6490LV)
with acceleration voltage of 30 kV, working distance of
9 mm, area dose of 200 µC/cm2), write field of 30 × 30
µm, and step size of 2 nm. After exposure, the resist is
developed for 30 s in a 3:1 mixture of isopropanol (IPA)
and methyl isobutyl ketone (MIBK). The nanobricks of
50 nm height are fabricated by deposition of gold using e-
beam evaporation and subsequent 10 hours incubation in
PG-remover (commercially obtained solution) for lift-off
of unexposed resist. The fabricated metasurface is im-
aged using scanning electron microscopy (SEM) in order
to determine actual dimension of nanobricks (Figure 5a).
A non-uniform increase in the element length Lx was
caused by the proximity effect.
Numerical Simulations. All modelings are per-
formed using commercial finite element software Comsol
Multiphysics (version 5.2), and a plane-wave excitation.
Permittivity values of gold were taken from Johnson and
Christy database,43 while the refractive index of glass
substrate and SiO2 spacer layer was assumed to be 1.45.
The medium above the nanobricks is chosen to be air
with refractive index of 1. In the simulations of indi-
vidual GSP antenna (Supplementary Figure S1) a single
unit cell with periodic boundary conditions on the verti-
cal sides of the cell was used. Excitation and collection
ports were applied above and below the unit cell, followed
by perfectly matched layers in order to minimize reflec-
tions. In the simulations of coupling (Figures 3, 5, and
S2) a unit cell with 5 GSP antennas was used, for which
periodic boundary conditions were applied only on the xz
vertical sides of the cell because the experimentally in-
vestigated structure was quasi-periodic along y-axis with
slowly varying Lx length of GSP bricks. The remaining 4
boundaries of the unit cell were truncated with perfectly
matched layers to minimize reflections. All edges of gold
bricks were rounded with 10 nm radius of curvature.
Near-field Microscopy. We used commercial AFM-
based scattering-type s-SNOM (Neaspec GmbH) with
standard platinum-coated Si tips (ArrowTM NCPt from
NanoWorld) to measure near-field experimentally. The
AFM tip was tapping with amplitude of ∼50 nm at fre-
quency of ∼250 kHz. The sample was illuminated nor-
mally from below using a parabolic mirror to focus the
light from a tunable telecom diode laser (TLB-6500-H-ES
from New Focus, 1500 nm wavelength). The illumina-
tion spot size at the sample surface was estimated to be
∼12 µm in FWHM, thus, homogenously illuminating the
structure over a large area. The illuminating beam trav-
els in positive z-axis and its polarization is oriented along
the varying nanobrick length Lx, i.e., x-axis. The scat-
tered light was collected using a second parabolic mirror,
placed above the tip. A resolution of both amplitude and
phase was done by using a Mach-Zehnder interferometer
with an oscillating mirror (f ∼ 300 Hz) in the refer-
ence arm and a pseudo-heterodyne detection scheme.44
In order to remove background, the detected signal was
demodulated at the third harmonic of the tip’s tapping
frequency. The results are presented in terms of s-SNOM
measured near-field amplitude |Ez| and phase Arg [Ez]
maps. The unprocessed experimental data are shown in
Figures 2b,c and Supporting Information, Figures S2-S3.
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Supporting information
Figure S1. Simulated far-field response from GSP meta-element in periodic environment under normal top illumination.
Simulated (a) amplitude |Er| and (b) phase Arg [Er] of the reflection; and (c) amplitude of the transmission |Et| upon normal
illumination from the top.
s2
Figure S2. Near-field maps for quasi-periodic GSP array with Ly = 280 nm. Top: the simulated near-field amplitude |Ez|, phase
Arg [Ez], and the contrast with the middle element |Ez − Emid|, calculated at the altitude of 50 nm above the top surface of
meta-elements. Bottom: the experimentally measured s-SNOM topography, the near-field amplitude, phase, and the contrast,
respectively. The polarization of normally incident plane wave is shown with a green arrow. The geometrical cross-section of
elements is used as a mask.
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Figure S3. Experimental s-SNOM measured topography, near-field amplitude |Ez| and phase Arg [Ez], measured for quasi-
periodic array with identical elements being repeated into 9 columns and 3 rows (9×3). The nanobrick length Lx = 290 nm
(top) and 300 nm (bottom), width Ly = 250 nm, and periodicity Λ = 600 nm (λ = 1500 nm). The incident light polarization
is shown with green arrow. Measurements were done with a different type of s-SNOM probe (uncoated Si tip), resulted in a
different near-field distribution than is shown in Figures 2 and S2. However, it is clear that the near-field coupling is decreased
due to the increased periodicity.
Figure S4. Numerical investigation of the near-field coupling in 5-column quasi-periodic GSP arrays with varied period along
x-axis, Λx. The data is the same as in Figure 5 of the main text, but replotted as a function of the ratio
√
Lx/Λx. Lx and λ
are indicated in the legend, while Ly and Λywere fixed at 280 and 450 nm, respectively.
